The ability of antibodies binding the influenza hemagglutinin (HA) protein to neutralize viral infectivity is of key importance in the design of next-generation vaccines and for prophylactic and therapeutic use. The two antibodies CR6261 and CR8020 have recently been shown to efficiently neutralize influenza A infection by binding to and inhibiting the influenza A HA protein that is responsible for membrane fusion in the early steps of viral infection. Here, we use single-particle fluorescence microscopy to correlate the number of antibodies or antibody fragments (Fab) bound to an individual virion with the capacity of the same virus particle to undergo membrane fusion. To this end, individual, infectious virus particles bound by fluorescently labeled antibodies/ Fab are visualized as they fuse to a planar, supported lipid bilayer. The fluorescence intensity arising from the virus-bound antibodies/ Fab is used to determine the number of molecules attached to viral HA while a fluorescent marker in the viral membrane is used to simultaneously obtain kinetic information on the fusion process. We experimentally determine that the stoichiometry required for fusion inhibition by both antibody and Fab leaves large numbers of unbound HA epitopes on the viral surface. Kinetic measurements of the fusion process reveal that those few particles capable of fusion at high antibody/Fab coverage display significantly slower hemifusion kinetics. Overall, our results support a membrane fusion mechanism requiring the stochastic, coordinated action of multiple HA trimers and a model of fusion inhibition by stem-binding antibodies through disruption of this coordinated action.
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influenza | neutralizing antibody | hemagglutinin | neutralization stoichiometry | membrane fusion R ecently described antibodies capable of neutralizing a broad range of influenza viruses through recognition of highly conserved epitopes on the hemagglutinin protein (HA) have potential use as antiinfluenza therapeutics and for rational design of vaccines, HA-binding proteins, and small molecules (1) (2) (3) (4) (5) . Such diverse applications require a detailed understanding of the infection mechanisms that are disrupted by antibody binding. An important parameter for in vitro antibody characterization is the binding stoichiometry, which relates the number of antibodies that must bind a virus in order to achieve a functional output, such as viral neutralization (6, 7) . Here, we use fluorescence microscopy to visualize individual virus particles and measure the stoichiometry of broadly neutralizing antibodies as they disrupt the fusogenic activity of the HA protein.
The homotrimeric HA transmembrane protein consists of two disulfide-linked domains, HA1 and HA2 (8, 9) , and exhibits substantial antigenic drift, having two phylogenetically distinct groups-groups 1 and 2-with 18 subtypes (10). The HA1 head domain, distal from the viral envelope, contains a binding site for sialic acid moieties that binds virions to a target cell and facilitates their entry into a cellular endosome via clathrin-mediated endocytosis. The HA2 stem domain comprises mostly the envelopeproximal ectodomain and the transmembrane domain. The low pH of late endosomes triggers the stem to unfold and embed its hydrophobic N-terminal region into the endosomal membrane. Refolding of the protein brings the viral and endosomal membranes close together and catalyzes their fusion (11, 12) . Several biophysical studies indicate that multiple HA trimers must work together by coordinating their conformational changes for membrane fusion to occur (13) (14) (15) (16) .
Head-binding antibodies typically recognize variable loop regions surrounding the receptor site and show serotype-specific neutralization (1, 17, 18) , although some can neutralize a limited set of viral serotypes (19) (20) (21) . In contrast, stem-binding antibodies recognize an epitope region that is highly conserved between influenza strains and possess a broad neutralization capacity across many viral subtypes (19, (22) (23) (24) (25) (26) or even across groups (19, 27, 28) . We recently demonstrated that binding of HA by the broadly neutralizing, stem-binding antibodies CR6261 (group 1-specific) and CR8020 (group 2-specific) (22) (23) (24) results in inhibition of HA-mediated viral membrane fusion (29) . The ability of antibodies to block fusion confirms the accessibility of their membrane-proximal epitope on intact viruses despite the dense packing of surface proteins (Fig. 1A) , an aspect also recently shown by cryoelectron tomography (30) .
Significance
We determine the number of broadly neutralizing antibodies required to inhibit influenza virus membrane fusion by simultaneously observing individual viral particles undergoing fusion and counting the number of antibodies bound to them. The viral membrane fusion process is mediated by fusion proteins whose activity is blocked through the binding of these antibodies to evolutionarily conserved epitopes. Surprisingly, the number of antibodies required for inhibition is markedly lower than the number of fusion proteins present, indicating virus neutralization does not require saturation of epitope occupancy. Overall, our results support a model of membrane fusion requiring several fusion proteins working together in a coordinated, stochastic fashion, and the inhibition of this process through disruption of fusion protein coordination.
Radioisotope labeling of neutralizing IgG antibodies previously indicated that neutralization stoichiometries required large numbers of epitopes to be bound (18, 31) . These results were in line with multihit and coating models of virus neutralization, as opposed to single-hit models involving a critical site vulnerable to neutralization (6, 32, 33) . However, such experiments are complicated by a convolution of cell-binding inhibition, inhibition of membrane fusion, aggregation of virus particles, and the abrogation of infection postentry (18, 33) .
Here, we use a novel fluorescence imaging approach to simultaneously quantify the number of CR6261 or CR8020 antibodies (IgG) or their Fab-fragments (Fab) bound to an individual, infectious virus while directly visualizing its capacity for membrane fusion. This measurement strategy allows us to directly correlate binding stoichiometry to its functional effect of inhibiting HAmediated membrane fusion. We find that a virus can be rendered nonfusogenic while still having large numbers of unbound HA epitopes. Furthermore, binding of the neutralizing IgG/Fab molecules causes a delay in the kinetics of membrane fusion. Our methodology provides insight into the mechanism of HA-mediated fusion that is difficult to obtain via conventional approaches (34) .
Results
Fluorescently Labeled IgG and Fab Inhibit Hemifusion. We observed individual influenza virus particles by labeling their envelope with the lipophilic dye R18 at concentrations causing partial selfquenching of the dye's fluorescence. We have previously confirmed that the viruses maintain their infectivity following R18 labeling (29) . R18-labeled viruses (A/Puerto Rico/8/34 H1N1 or A/Aichi/68-X31 H3N2) were incubated with the broadly neutralizing, stem-binding antibodies CR6261 or CR8020 (collectively IgG), or their Fab fragments (crF6261 or crF8020, respectively), at increasing concentrations before immobilization. We immobilized the viruses on a planar, lipid bilayer that is formed on top of a glass microscope coverslip placed on an inverted fluorescence microscope (Fig. 1B) . Incubation conditions ensured that IgG/Fab binding had achieved equilibrium before immobilization, and dissociation over the course of the experiment was found to be negligible (Fig. S1) . One hundred or more virus particles per ∼140 × 70-μm 2 field of view were capable of binding to the glass-supported bilayers even at IgG/Fab concentrations as high as 1 μM (Fig. S2) . After lowering the pH, we visualize influenza HA-mediated hemifusion of the viral envelope with the bilayer through R18 dequenching at the site of each virus particle ( Fig. 1 C and D and refs. 15, 16, and 29) . We quantify the hemifusion efficiency as the ratio of virions that underwent fusion to the total number of viral particles visualized. Data in Fig Table S1 ) or Fab (2.4 ± 0.3 dyes/crF6261 Fab and 2.3 ± 0.1 dyes/crF8020 Fab) to viral HA causes a groupspecific, dose-dependent reduction in the hemifusion efficiency of the H1N1 and H3N2 viral strains, similar to our previous reports (29) . This observation indicates that both monovalent and bivalent binding (valency referring to the number of paratopes These crystal structures highlight differences in proximity of the two epitopes to the viral membrane and of the HA-Fab angle upon binding. (B) Schematic depiction of experimental design. Alexa-488-labeled IgG (or Fab) are bound to R18-labeled influenza A viruses (magenta-edged sphere) immobilized on a glass-supported planar bilayer through interaction with glycophorin A; pH-sensitive fluorescein (pK a 6.4) is also bound to the bilayer surface. Fluorescence is excited and detected via objective TIRF microscopy. Zoom: Acidification of the virus particles causes membrane fusion, resulting in escape of the R18 dye from the viral membrane into the target bilayer and producing a dequenching signal. (C, Left) False-color still frames from a fusion movie at time points before (Top) and 20 s after (Bottom) the pH drop. (Scale bar: 10 μm.) IgG/Fab (green spots, 50 nM incubation) and fluorescein (diffuse background) are visualized on the left, whereas the R18-labeled viruses (magenta) and their low pH-induced dequenching (white triangles) are simultaneously visualized on the right. (C, Right) Image montage of the virus highlighted by the yellow square, which is covered with a subinhibitory number of IgG molecules (green). Its fusion to the bilayer is seen as a flash of R18 intensity (magenta) followed by outward R18 diffusion. (Scale bar: 1 μm.) (D) Fluorescence time trajectory for the highlighted virus in C. Time t = 0 is set to loss of the fluorescein signal (dark green) upon arrival of the fusion-inducing pH 5.0 buffer. The time to hemifusion, t hemi , occurs at t ≈ 30 s for this virus particle and is observed as the abrupt increase in R18 fluorescence (magenta). The virus-bound IgG/Fab fluorescence (light green) used for stoichiometry measurements is indicated by the box: 1 s after the pH drop and enclosing 3 s of fluorescence information.
bound to epitopes) can lead to hemifusion inhibition directly through epitope recognition.
Using bilayers supported by a PEG or dextran cushion (15) (rather than by glass), we were able to observe viral content release and found that the requisite formation of a fusion pore was inhibited to a similar extent as hemifusion, indicating that hemifusion is, indeed, a functional readout for full fusion (Fig.  S4) . In a few instances at low IgG concentration, antibodylabeled hemagglutinin proteins could be seen to diffuse into the target bilayer after successful content release (Movies S1-S3). This observation demonstrates a complete merger of the viral membrane with the target-supported bilayer.
Maximal Hemifusion Inhibition by IgG Binding Occurs Below Full
Epitope Occupancy. Binding stoichiometry for each virus particle is determined as a quotient of two integrated fluorescence intensity measurements: intensity from IgG/Fab bound to a virus (Fig. 1) , I bound , and intensity from individual IgG/Fab molecules, I individual . The latter is measured by visualizing individual, labeled IgG/Fab molecules under identical illumination conditions in the absence of virus and target bilayer (Fig. S5) . The number of molecules bound to an individual virion is calculated as N bound = I bound /I individual . IgG/Fab detection efficiency was >99% for IgG and ∼90% for Fab (Table S1 ), and reported numbers of bound IgG/Fab were corrected for the small amounts of unlabeled molecules.
The median number of IgG/Fab bound to individual virions for each experiment performed is presented in Fig. 2B . Upon increasing IgG/Fab concentrations, the number of IgG/Fab molecules bound to a virus (fusing and nonfusing) increases sigmoidally, with the upper plateau corresponding to the region of Fig. 2A where the hemifusion efficiency is zero. Hence, this plateau value provides an estimate for the number of IgG/Fab molecules that must bind a virus to achieve maximum inhibition of hemifusion. This upper limit (asymptote) does not correspond to saturation of epitope binding, which we were not able to ascertain experimentally due to technical limitations of achievable labeled antibody concentrations and of required virus concentrations (SI Materials and Methods). Moreover, virus saturation by antibody binding occurs at higher concentrations than those required for neutralization in viral neutralization assays (VNAs) (18) . Rather, the upper limit more relevantly reports the functional outcome of epitope binding, namely hemifusion inhibition, and the number of IgG/ Fab needed to cause it. These and other stoichiometric values are summarized in Table 1 , with calculated fit parameters reported in Table S2 , including the 95% confidence intervals.
Under conditions of maximum hemifusion inhibition, we find that both viral strains are bound by comparable numbers of IgG molecules (175 for H1N1 and 144 for H3N2), whereas there is a difference in the number of Fab bound (248 for H1N1 and 493 for H3N2). Rationales for this difference are considered in Discussion. At the highest IgG concentrations we could achieve, ∼4,200 nM, we observed full hemifusion inhibition and measured 224 CR6261 IgG and 236 CR8020 IgG bound to the H1N1 and H3N2 viruses, respectively. Thereby, we show that more stembinding IgG can sterically fit on the surface of hemifusioninhibited virions than what is required for maximal inhibition.
To gain insight into the mechanism of hemifusion inhibition through IgG/Fab binding, we first compared the number bound at maximum hemifusion inhibition to estimates of the number of HA trimers on the viral surface. Previous studies have estimated 300-500 HA trimers per 120-nm diameter spherical virion (35) (36) (37) , a size comparable to our viral strains (125 nm diameter, Fig.  S6 ). Concordantly, recent cryoelectron tomography reconstruction of viruses produced identically to those that we have used (30, 38) indicate there are ∼375 HA trimers on each virus. Using this estimate and the data for the maximum fusion inhibition (Table 1) we calculate an IgG:HA stoichiometry of 0.47 and 0.38 for CR6261 and CR8020 IgG, respectively. For the Fab we estimate a Fab:HA stoichiometry of 0.69 and 1.31 for crF6261 and crF8020, respectively. These observations are consistent with predictions that the larger, bivalent IgG molecules would have lower stoichiometries relative to the smaller, monovalent Fab (30). For the IgG specifically, stoichiometry values less than one indicate that not every HA trimer needs an IgG bound for hemifusion to be inhibited and suggests that bivalent binding may play a role in hemifusion inhibition. Secondly, we investigated steric interactions on the viral surface and binding valency in silico through a coarse-grained 2D Monte Carlo simulation (SI Materials and Methods) of protein packing. Thousands of random, viral surfaces with dense protein packing were generated using the crystallographic dimensions of the envelope proteins (HA, neuraminidase, and M2 proton channel) at appropriate relative concentrations. Surface density was set to mimic a viral surface having 375 HA trimers, then increasing numbers of IgG/Fab were bound to HA in accord with their cocrystal structure (23, 24) . The number of IgG/Fab bound when overlap between neighboring proteins could no longer be prevented was taken as the sterically allowed maximum.
Simulations indicated that a maximum of 270-300 IgG sterically fit on a viral surface (Fig. S7) . These values are in agreement with 3D cryo-EM results that steric interactions alone permit 75% of the 375 HA to complex with IgG (30). Our simulations revealed that bivalent IgG binding would prevail until ∼175 IgG molecules had bound, at which point monovalent binding would become dominant (Fig. S7) . This result suggests that the 175 CR6261 or 144 CR8020 IgG bound at maximum hemifusion inhibition (Table 1) would bind bivalently to abrogate the fusogenicity of up to 350 or 288 HA trimers, respectively. These numbers are lower than estimates for the total number of HA trimers present on a virus and substantially lower than the number of epitopes present on a virus. Our simulations predict that ∼500 Fab molecules could fit on a virus (Fig. S7) , although no previous predictions have been made for the number of Fab that could bind a virus. This steric maximum agrees with the experimentally determined number of crF8020, however, only about half as many crF6261 bind at maximum hemifusion inhibition. Overall, we conclude that not all sterically available epitopes need to be bound by IgG/Fab for the membrane fusion capacity of a virus particle to be blocked.
Low Occupancies Can Significantly Reduce the Extent of Hemifusion.
Combining measurements of hemifusion efficiency with the number of virus-bound IgG/Fab molecules ( Fig. 2C ; see SI Materials and Methods for data fitting) allows us to calculate the number of IgG/Fab molecules needed to reduce hemifusion efficiency by half. Such a value is akin to an EC 50 , but is a direct measurement of the number of virus-bound IgG/Fab causing the reduction in hemifusion efficiency rather than reporting a concentration. For example, we calculate that 27 CR6261 IgG need to bind the H1N1 virus for the hemifusion efficiency to be reduced 50% from 0.47 to 0.24 (Fig. 2C) . Results of these calculations are listed in Table 1 .
We next define the fractional occupancy as the ratio of the number of IgG/Fab bound at half-maximum hemifusion inhibition to the number of IgG/Fab bound at maximum hemifusion inhibition. For H1N1 at half-maximum hemifusion inhibition, the fractional occupancy is 27/175 = 0.16 (Table 1) .
This definition focuses on the functional consequence of IgG/ Fab binding by defining it relative to the number of occupied binding sites required for maximum hemifusion inhibition rather than the number of sterically available sites. Fig. 2C and Table 1 show that fractional occupancy significantly lower than unity leads to half-maximum hemifusion inhibition. Comparing the fractional occupancies, we find that they are similar for the IgG and Fab of both 6261 and 8020, respectively. We also detect a difference in the fractional occupancy between the two viral strains being bound by the two IgG/Fab used in our experiments.
IgG/Fab Binding Delays the Time to Hemifusion. The time to hemifusion is measured as the time between disappearance of the fluorescein signal (pH drop) and the onset of dequenching caused by lipophilic dye escape from the site of viral fusion (Fig. 1C) . Concurrent with decreasing hemifusion efficiency and increasing numbers of bound IgG/Fab, Fig. 3 shows that the time required for the remaining fusion-competent particles to undergo hemifusion becomes longer as the concentration of IgG/Fab increases.
Hemifusion times increase in a sigmoidal fashion from baseline values of 46 and 30 s at zero IgG/Fab for the H1N1 and H3N2 strains, respectively (Table S2) , to two-to threefold larger plateau values at high IgG/Fab concentrations. The existence of this upper plateau is surprising; a decreasing number of available HA trimers would be expected to result in a continuous increase of hemifusion times. From the existence of the upper plateau, it would appear that HA trimers have a temporal window of opportunity following acidification to induce fusion.
To gain further insight into the fusion mechanism, we obtained hemifusion kinetics for a large number of virus particles Values in parenthesis report 95% confidence intervals. *Quotient of IgG/Fab bound at half-maximum and maximum hemifusion inhibition. Fig. 3 . Hemifusion is delayed at higher IgG/Fab concentrations. Data are displayed as in Fig. 2 and are fit with a hyperbolic function having a constant offset (SI Materials and Methods); each data point is the geometric mean hemifusion time from a single experimental run. Fold increases in hemifusion times between zero and the highest IgG/Fab concentrations are listed in Table 1 .
and analyzed the shape of the hemifusion-time distributions by fitting them to a gamma distribution. In this manner, we obtain information about the speed of the rate-limiting step along the fusion pathway and the number of rate-limiting steps. This latter value has been shown to represent the number of HA required for fusion (15) . This kinetic analysis requires at least 50 events to have the statistical power to determine the number of HA trimers involved (39) and because increasing IgG/Fab concentrations results in fewer fusing virions, not all concentrations could be analyzed (SI Materials and Methods). The rates extracted by this gamma distribution analysis (Fig. S8) report slower kinetics at high IgG/Fab concentrations and faster overall kinetics of H3N2, similar to data in Fig. 3 . Such kinetic differences could arise from sequence variations between H1N1 and H3N2 HA, giving rise to slight differences in protein structure and conformational energetics. Analysis of the number of ratelimiting steps suggest that both virus strains require two to three HA trimers at all IgG/Fab concentrations analyzed (Fig. S8) . From this observation, we conclude that IgG/Fab binding does not alter the molecular mechanism of fusion. Rather, when inhibition is not complete and hemifusion still occurs, it does so with the same requirement of two to three HA trimers regardless of the presence of IgG/Fab bound to HA on the viral surface.
Discussion
We describe an experimental method that relates the stoichiometry of antibody or Fab binding to the efficiency and kinetics of viral membrane fusion at the single virus particle level. Increased binding of broadly neutralizing, stem-binding antibodies or Fab concomitantly causes a decrease in hemifusion efficiency and a maximally two-to threefold increase in the time to hemifusion. We find hemifusion efficiency is reduced by half with ∼30-80 stem-binding IgG bound to virus particles, and that hemifusion is fully inhibited by ∼140-180 stem-binding IgG. Thus, a significant effect is elicited with quantities of IgG that are substantially lower than the ∼270-300 IgG we and others (30) estimate could sterically fit on the viral surface. Relating the number of IgG/Fab required to achieve half-maximum hemifusion inhibition to the number needed to fully inhibit hemifusion, we conclude that even the rather low fractional occupancies of ∼0.16-0.6 have a potent effect. Further, Fab also inhibit membrane fusion, albeit with higher stoichiometry.
Using radioisotope-labeled IgG, Taylor (29) . Our single-particle fusion assay avoids the convolution of multiple outcomes from IgG binding and focuses solely on membrane fusion. Overall, our results indicate that many epitopes on HA, and likely many HA trimers, remain unbound on the surface of fusion-inhibited virions.
Our data reveal a need for two to three HA trimers for fusion and strongly support a kinetic model of HA-mediated fusion requiring simultaneous action of multiple, neighboring trimers (15, 16) . This model requires only the stochastic behavior of the HA trimers in combination with a high HA surface density. It also implies the existence of a dynamic network of potential folding partners between HA on the viral surface that is established by their relative geometry and spacing, and not necessarily by physical interactions between them. Network connections become activated to mediate fusion when HA trimers stochastically unfold at low pH. If a sufficient number of HA trimers are close enough in space and are refolding within a sufficiently short window of time, then they are able to coordinate their work and mediate the onset of lipid hemifusion. Prolonged exposure to low pH induces nonproductive HA refolding (40) and serves to disrupt the HA coordination network. Timing of the fusion process, thus, represents the interplay between (i) low pH-induced, stochastic firing of individual HA trimers; (ii) stochastic coordination between refolding HA trimers to mediate membrane fusion; and (iii) low pH-induced inactivation of the unfolded HA (Fig. 4) .
To account for the observed kinetic changes and low stoichiometries, we propose that IgG/Fab binding to block HA lowpH unfolding (23, 24, 29) inactivates network connections and lowers the probability of having a critical number of active HA trimers that are spaced closely enough to mediate fusion (Fig. 4) . The elimination of neighbor-neighbor connections would then prevent the amassing of triggered HA into a density sufficient for membrane fusion to occur, even though some HA were still unbound and, likely, responsive to acidification. When a virus bound by IgG/Fab does fuse, the removal of active HA could lead to a longer elapsed time before sufficient neighboring HA trimers are able to coordinate their conformational changes. Such an interpretation is consistent with our finding that IgG/Fab binding causes slower hemifusion kinetics and with the results of a recent kinetic simulation of HA-mediated fusion (16) .
In comparing the two viral strains, we find that maximum hemifusion inhibition of the H3N2 strain requires ∼3.8-fold more Fab than IgG whereas the H1N1 strain requires only ∼1.6-fold more Fab. Additionally, the H3N2 strain displays a larger fractional occupancy than does H1N1. Kinetically, the two viral strains exhibit differences in their baseline fusion rates (Fig. 3) , indicative of inherent differences between them. As such, stoichiometry differences could be related to these interstrain differences, or, among other possible variations, to differences in the affinity and/or accessibility of the different epitopes on the viral surface, variations in surface protein density, or variation in virus strain composition (7, 37, 41) . Additionally, it is plausible that the proximity of the CR(F)8020 epitope to the viral membrane, compared with the CR(F)6261 epitope (Fig. 1A) , could potentially influence the binding angle of a Fab differently than an IgG. Further, large variations in the number of Fab compared with IgG may be common. Using the aforementioned HC2 and HC10, Schofield et al. (42) reported a requirement of 86-and >1,900-fold more Fab than IgG, respectively, to achieve similar levels of viral neutralization. Together, these results emphasize the enhancement in stoichiometric effectiveness that can be imparted to IgG through bivalent binding. Moreover, we find similar outcomes for both viral serotypes bound with similar numbers of IgG in terms of membrane fusion inhibition and kinetic delay.
In conclusion, we report the use of a single virus particle assay to measure the binding stoichiometry of broadly neutralizing, stem-binding antibodies and relate it solely to their functional effect of inhibiting HA-mediated membrane fusion. The data we report here sheds light both on the mechanism of inhibition by IgG/Fab and the function of HA itself during the membrane fusion process.
Materials and Methods
Proteoliposomes containing the sialoglycoprotein glycophorin A (GYPA) (full-length with GST tag; Abnova) were formed as previously described (29) . Multilamellar proteoliposomes were incubated in glass-bottomed microfluidic channels to form contiguous, planar bilayers.
Influenza A virus strains A/Puerto Rico/8/34 (H1N1) and A/Aichi/68/X:31 (H3N2) were purchased from Charles River (2 mg/mL total viral protein) and used without further purification. Labeling involved virus diluted at 1:3 into Hepes buffer and mixed with octadecyl rhodamine B lipophilic dye (R18; Invitrogen, Inc.) in DMSO with a final concentration of 1 μM dye and <0.5% DMSO for 3 h. PD-10 desalting columns (GE Healthcare) removed unincorporated dye; three fractions of 200 μL with the highest particle count were pooled and used for fusion experiments.
Fusion experiments were conducted as previously described (29): 1-h virus incubation with labeled IgG/Fab, bilayer immobilization, and fluoresceinlabeled streptavidin (Invitrogen) addition. An Olympus IX-71 inverted microscope was used with a 60×, TIRF (Total Internal Reflection Fluorescence) objective and 488-and 561-nm lasers (Sapphire; Coherent, Inc.). Green and red emissions were visualized on either half of an electron-multiplying CCD camera (Hamamatsu Photonics) using dual-view systems (either home-built or from Photometrics). Fusion was initiated by adding pH 5.0 citric acid buffer and fusion events recorded with 200-ms exposure at pH 5.0. Fluorescence intensity from individual IgG/Fab molecules adsorbed to clean glass in pH 5.0 buffer was acquired under identical illumination conditions. Data analysis was performed using custom MATLAB (Mathworks, Inc.) scripts, similar to those previously described (15, 29) . Briefly, viruses were identified in the red channel and paired with separately identified locations in the green channel. After correction for illumination profile and background, fluorescence trajectories were extracted and analyzed manually to select particles showing dequenching behavior. Experiments with fewer than 25 virions in a field of view were rejected. For stoichiometry calculations, green-channel trajectories were averaged for 15 frames (3 s) beginning 1 s after the pH drop (Fig. 1D) . The number of virus-bound IgG/Fab molecules was quantified as a ratio of their integrated intensity when virusbound to the integrated intensity of IgG/Fab individually (SI Materials and Methods). Time to hemifusion is the elapsed time from pH drop to the onset of hemifusion dequenching.
